Pancreatic secretory trypsin inhibitor is a potent protease inhibitor which was originally identified in the pancreas. It has subsequently been shown to be present in mucus-secreting cells throughout the gastrointestinal tract and also in the kidney, lung and breast. Its major roles are likely to be to prevent premature activation of pancreatic proteases and to decrease the rate of mucus digestion by luminal proteases within the stomach and colon. In addition, PSTI increases the proliferation of a variety of cell lines and stimulates cell migration, possibly acting via the EGF receptor. These findings suggest that PSTI may also be involved in both the early and late phases of the healing response following injury. Further studies including the production of transgenic overexpression and knockout models should help elucidate the physiological function of this peptide. 
Introduction

Historical Perspective
Protease inhibitors are ubiquitous throughout the plant and animal kingdom. The known inhibitors are not all homologous but consist of several families which have probably evolved by convergent evolution [1] .
The first identification of an enzyme inhibitor within the pancreas was made in 1936. It is known as the basic pancreatic trypsin inhibitor, the Kunitz inhibitor, or aprotinin, and is marketed by Bayer as 'Trasylol'. This inhibitor strongly inhibits trypsin, chymotrypsin, plasmin and kallikrein and is present in the mast cells of the pancreas and other organs of some ruminant species [2] , but is not secreted in pancreatic juice. The human pancreas, however, does not contain an aprotinin (Kunitz)-type homologue.
The discovery of a second type of trypsin inhibitor in the pancreas was not made until 1948 when Kazal et al. [3] purified bovine pancreatic secretory trypsin inhibitor (PSTI) from a side fraction of a commercial insulin process. Bovine PSTI can be distinguished from the bovine Kunitz inhibitor on the basis of its lack of inhibitory effect on chymotrypsin and pancreatic kallikrein [4] . The sequence of human PSTI was identified in 1977 as being 56 amino acid residues long with strong sequence homology with bovine PSTI. Human PSTI inhibits potently the proteolytic activity of trypsin and other serum proteases [5] .
In addition to being isolated from the human pancreas, other groups noted increased concentrations of a trypsin inhibitor in the urine of women with gynecological malignancies [6] . They named this peptide 'tumour-associated trypsin inhibitor' (TATI), it was subsequently realised that TATI and PSTI were the same molecule.
The entire human PSTI gene has been characterised, it is 7.5-kb long separated into 4 exons and is located on chromosome 5 [7] . The gene product consists of 79 amino-acid residues which includes a 23 amino acid signal peptide. This results in a mature peptide of 56 amino acids which has a molecular weight of about 6,500 with 3 intra-chain disulphide bridges in a Cys 9 -Cys 33 , Cys 16 -Cys 35 , and Cys 24 -Cys 56 configuration [5] . As can be seen from figure 1, the sequence of PSTI is highly conserved across species with complete conservation of the six Cys residues involved in disulphide bridging. Interestingly, the reactive site of human PSTI, Lys 18 , which interacts with the serine proteases is substituted by another basic side chain amino acid, arginine, in some species ( fig. 1 ).
Distribution of Human PSTI
Until recently, PSTI was thought to be present only in the pancreas where its sole role was thought to be to prevent premature activation of pancreatic proteases. However, PSTI has subsequently been identified in mucus producing cells throughout the gastrointestinal tract [8, 9] ( fig. 2 ) and in a range of other tissues including lung, liver, kidney, ovary, breast and in the collecting tubules and transitional epithelium of the renal pelvis [10, 11] . Mucosal levels of PSTI in the normal gastrointestinal tract range from about 1,000 ng/mg protein in the gastric antrum to about 200 ng/mg protein in the colon [9] . PSTI is also present in plasma at a concentration of about 4-25 ng/ml under normal circumstances [12] and has a circulatory half-life of about 8 min, the major site of excretion being via the kidneys [13] . Following removal of the pancreas, normal serum PSTI levels are found, suggesting that the pancreas is not the major source of circulating human PSTI [14] .
In situ hybridisation studies have confirmed this distribution of PSTI although PSTI mRNA was not found in the renal collecting tubules [11] . This is probably because PSTI is filtered in the kidney and taken up by the proximal tubules where it is degraded. The finding of PSTI peptide in the normal breast [11] raises the possibility that it is secreted into breast milk, although quantitation in milk has not been performed. PSTI has also been shown to be secreted into gastric juice and is the only protease inhibitor known to be secreted into the intestinal lumen [15] .
Possible Biological Functions of Human PSTI
Research into the role of human PSTI has concentrated on 3 main areas.
PSTI Working as a Cholecystokinin (CCK)-Releasing Peptide
Human PSTI has amino acid sequence homology with the two forms of PSTI present in the rat ( fig. 1 ), one of which (PSTI-1) acts as a cholecystokinin releasing peptide [16] . There has therefore been great interest as to whether human PSTI plays a similar role.
Studies in rats showed that diversion of pancreatic juice away from the intestinal lumen results in increased pancreatic secretion. This increase in pancreatic secretion could be suppressed by adding trypsin or chymotrypsin to the intestinal lumen, leading to the conclusion that pancreatic secretion was under feedback regulation acting via luminal proteases [17] . In addition, it was suggested that the increase in pancreatic secretion which occurs following infusion of trypsin inhibitors into the duodenum of rats was due to the trypsin inhibitors interfering with the feedback loop [17] . This increase in pancreatic secretion was subsequently shown to be mediated via increases in plasma CCK levels.
Negative feedback of CCK release in the rat has subsequently been attributed to the presence of trypsin-sensitive CCK releasing peptides in pancreatic and intestinal juice. The CCK releasing peptide present in the pancreatic juice has been sequenced and shown to be rat PSTI-1, also called 'monitor peptide' [16] .
Although the mechanisms regulating pancreatic secretion in man are probably more complicated than in the rat, a similar feedback control has been shown in humans; patients who have had pancreatic juice diverted away from the duodenum, so that the juice drains externally, have increased pancreatic secretion. This high output of pancreatic juice can be decreased by the addition of trypsin or pancreatic juice into the intestinal lumen [18] . A series of experiments have subsequently been performed to examine this idea. We showed that intra-luminal infusions of human PSTI into an isolated section of human [15] . 6 mg of normal human mucus glycoprotein derived from 5 ml of gastric juice was incubated at 37°C for 1 h with 100 Ìg of trypsin with and without 26 Ìg of human PSTI (giving equimolar amounts of PSTI and added trypsin). Samples were analysed using a 16 ! 900 mm Sephacryl S-500 column. Eluates were analysed for mucus carbohydrate using the phenol/sulphuric acid method. This system separates molecules according to size, the largest eluting first. Normal mucus elutes as an early single peak indicated by an arrow in the void volume (Vo). The position of the column's total bed volume (Vt) is also shown. a After incubation with trypsin, the mucus elutes later indicating breakdown of its structure to smaller fragments. b The presence of PSTI in the incubation medium prevented this destruction of mucus. duodenum in vivo did not cause an increase in pancreatic secretion or CCK release [19] . This suggests that human PSTI does not play an analogous role to rat monitor peptide. Our conclusion is supported by the finding that infusion of recombinant human PSTI into the rat small intestine does not stimulate pancreatic secretion [20] . The control of pancreatic secretion in humans therefore appears to be more complicated than in the rat and other control mechanisms, besides the presence or absence of proteases within the gut lumen, are likely to be at least as relevant.
PSTI, Working as a Protease Inhibitor, Protecting the Mucus Layer
The identification of PSTI in mucus-secreting cells throughout the gastrointestinal tract suggests that PSTI may play a vital role in the protection of mucus against excessive destruction by luminal proteases. Mucus is a key defensive component of the gut, forming a continuous visco-elastic layer which is adherent to the epithelium within the stomach and colon. The mucus layer within the stomach, in combination with secreted bicarbonate, acts as a diffusion barrier, allowing the epithelial surface to be maintained at a neutral pH despite the gastric juice having a pH of about 2. Mucus also acts as a lubricant, protecting the stomach from direct trauma due to ingested food particles and facilitating the passage of faeces in the colon. It also prevents direct contact between luminal bacteria and the colonic mucosa.
The thickness of the mucus gel in normal subjects is between 50 and 450 Ìm in unfixed specimens. In patients with gastric ulcer the mucus layer is highly abnormal microscopically showing 'roughening' of the mucus layer, which contains a mixture of mucus and cellular debris, but also consists of lower-molecular-weight forms [21] . Abnormalities of gastric mucus have also been described in patients suffering from chronic gastritis without an ulcer [22] . This mucus is likely to be structurally weaker than normal as the stability and strength of mucus, assessed by its ability to resist deforming stress, is reduced in mucus consisting of glycoproteins with a lower molecular weight [23] . We have shown that patients with gastritis have reduced PSTI levels [24] , ( fig. 2c ) and that therapeutic doses of the prostaglandin E 2 analogue, misoprostal, stimulates a threefold increase in gastric secretion of PSTI [15] . Alteration in the protease/anti-protease balance within the mucus layer may therefore be relevant in explaining some of these abnormalities ( fig. 3) and also influencing the healing process.
Abnormalities of the mucus layer are also seen in patients with inflammatory bowel disease. An imbalance [11] . The addition of PSTI (1-10 Ìg/ml) to wounded monolayers of the human colonic cells line HT-29 stimulates a dose-dependent increase in the rate of migration of the cells. This effect could be blocked by adding a PSTI-neutralising or an EGF receptor-blocking antibody (not shown). The addition of EGF at a dose of 5 Ìg/ml to the system (P) caused a similar increase in restitution as that seen when PSTI was added at a dose of 10 Ìg/ml (o). in the proteolytic/anti-proteolytic load on the mucus layer is probably important in explaining the increased turnover of mucus in these patients; luminal serine proteases are increased (probably of bacterial origin) [25] and colonic mucosal PSTI levels are concomitantly reduced [26] . Importantly, the reduction in mucosal PSTI levels remains even in quiescent colitis. This has led us to suggest that the reduced mucosal PSTI levels found in these patients represents a long term reduction in a mucosal defence mechanism, leading to an increased susceptibility to further episodes of injury [26] .
PSTI, Working as a Growth Factor to Influence Growth and Repair
There are many structural similarities between PSTI and the potent growth factor epidermal growth factor (EGF); both have similar numbers of amino-acid residues (56 and 53, respectively), molecular weights (about 6 kD), three intra-chain disulphide bridges and limited sequence homology. There is 50% gene sequence homology between PSTI and EGF; however, the intron-exon junctions are not related suggesting convergent evolution [27] .
In 1985, Ogawa et al. [28] reported that human PSTI was mitogenic for human fibroblasts. The idea that PSTI acts as a classical growth factor was supported by the findings that that PSTI is secreted by human hepatoma cells and stimulates growth of human endothelial cells [29] . Studies of the mechanisms of PSTI-induced growth on various cell lines, however, have not given consistent results. Stimulation of growth of endothelial cells can be induced by soya bean trypsin inhibitor, human · 1 -proteinase inhibitor and bovine PSTI in addition to human PSTI [29] . This suggests that the trypsin inhibitor activity is an important component in stimulating growth. However, these other trypsin inhibitors do not induce growth of human or mouse fibroblasts or the rat pancreatic carcinoma cell line AR4-2J cells suggesting an interaction of PSTI with a specific receptor [29, 30] . The identity of this receptor(s) is, however, still unclear with continuing controversy as to whether PSTI binds to the classical EGF receptor or its own distinct receptor.
Some studies support the concept that PSTI binds to the EGF receptor. Rat monitor peptide (PSTI-I) has been reported to compete with mouse EGF for binding to the receptors of Swiss 3T3 fibroblasts [31] and an EGF receptor-blocking antibody removed the promigratory effects of PSTI on human HT-29 cells [11] . In contrast, other studies suggest a distinct receptor. Binding of human [ 125 I]PSTI to Swiss 3T3 cells has been reported to be displaceable by cold PSTI but not by human EGF [32] and a similar result was seen using the rat pancreatic cancer cell line AR4-2J [30] . Additional stimulation of DNA synthesis of Swiss 3T3 fibroblasts is possible using EGF when stimulation by human PSTI is already at a maximum, and vice versa [32] , also supporting the concept of a distinct PSTI receptor.
PSTI in Mucosal Repair
When an acute injury occurs, the defect is rapidly covered by a mucoid cap consisting of mucus, fibrin and degenerative cells. Surviving cells from the edge of the wound rapidly migrate over the denuded area in a process called epithelial restitution. This process begins within the first hour following injury and is followed by an increase in proliferation 24-48 h later [33] . The physiological stimuli involved in epithelial restitution are unclear but we have recently shown that PSTI stimulates cell migration of the human colonic carcinoma cell line HT-29 cells in an in vitro wounding model of epithelial restitution ( fig. 4) . This effect could be inhibited by the addi-tion of an EGF receptor-blocking antibody. PSTI may therefore be involved in both the early and late responses to intestinal injury. Additional evidence of the role of PSTI in mucosal repair is that PSTI is produced by the ulcer-associated cell lineage (UACL) [26] . This novel glandular structure is produced at sites of damage in conditions such as peptic ulceration and inflammatory bowel disease. The UACL secretes several peptides thought to be involved in mucosal repair, such as epidermal growth factor and the trefoil peptides in addition to PSTI onto the ulcerated surface [34] .
PSTI may therefore play key roles in maintaining epithelial integrity and stimulating both the early and late response to injury. During the initial phase of repair, PSTI may stabilise the overlying 'mucoid cap' from digestion and stimulate surviving cells at the edge of the wound to migrate over the denuded area. During the later phase of repair, PSTI may also be directly involved in the increase in proliferation.
Conclusions
Although it is now 20 years since human PSTI was sequenced, there is a resurgence in interest in its physiological role. It seems unlikely that it is important in CCK physiology but may well be a key player in protection of the mucus layer from excessive digestion and in stimulating repair at site of injury. Studies utilising transgenic overexpression and knockout models should help elucidate its physiological role further.
